Abstract: MicroRNAs (miRNAs) are a class of endogenous, single-stranded, approximately 21 nt in length, noncoding RNAs which play critical roles in plant biological and metabolic processes. Although numerous miRNAs have been identified in many plant species, miRNAs still remain totally unknown in Ribes nigrum. In the study, two miRNAs (rni-miR5021 and rni-miR5185) were firstly identified in Ribes nigrum using an expression sequence tag (EST)-based comparative genomics approach. Subsequently, transgenic analysis suggested that these putative MIR genes encoding rni-miR5021 and rni-miR5185 were able to generate their corresponding miRNA in vivo. Furthermore, quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis indicated that the expression patterns of the MIR genes varied among blackcurrant tissues, and the two mature miRNAs showed higher accumulation in fruits than other tissues. Finally, 47 targets were predicted for the two miRNAs, which are involved in response to stresses and other plant biological processes. These findings will facilitate future studies on the functions and regulatory mechanisms of miRNAs in Ribes nigrum.
Introduction
MicroRNAs (miRNAs) are an extensive class of endogenous, single-stranded, non-coding RNAs that can mediate the expression of target genes primarily at post-transcriptional levels (Chen 2009 ). Generally, an MIR gene is transcribed by Polymerase II into a capped and polyadenylated pri-miRNA, which is subsequently processed into a stem-loop precursor (pre-miRNA) by a DCL protein (Voinnet 2009 ). The pre-miRNA is further processed by DCL1 into a duplex of miRNA and miRNA*. The final products (miRNAs) repress the expression of target genes through mRNA cleavage or translational inhibition based on perfect or near-perfect sequence complementarity in plants (Bartel 2009 ). As one of the most important gene regulators, plant miRNAs are involved in a wide range of biological and metabolic processes (Chen 2009 ). Therefore, miRNA-related research has contributed enormously to our understanding of diverse plant processes, and the identification of miRNAs has become an important step toward launching miRNA-related research.
To identify miRNAs in diverse organisms, some genefinding strategies have been developed, including genetic screening, direct cloning, expression sequence tag (EST)-based analysis, and a deep sequencing approach. Among them, EST-based analysis is an effective approach to identify conserved miRNAs from various plant species whose whole genome sequences are not available (Zhang et al. 2006a) . EST-based analysis has successfully contributed to the identification of conserved miRNAs in diverse plant species, mainly based on the following features: (1) most mature miRNAs are evolutionarily conserved from species to species (Zhang et al. 2006a ); (2) miRNA precursors are able to form typical stem-loop hairpin structures (Ambros et al. 2003) ; and (3) EST might act as one of the major resources for identification of plant miRNAs as miRNAs are a class of non-coding RNAs. Thus, new potential miRNAs can be identified in other species by searching the homologs of known miRNAs in the EST database. To date, many miRNAs have been discovered using an EST-based approach from several fruit tree species, including apple, blueberry, banana, citrus, peach, strawberry, etc., which has laid a foundation for further understanding of miRNA functions in fruit tree species.
Ribes nigrum is a deciduous shrub with small berry fruits, and its miRNAs still remains unknown. Although its whole genome sequence is not yet available, 8496 ESTs of Ribes genus have been deposited in NCBI databases, which are useful for the identification of potential miRNAs. In this study, we identified 2 potential miRNAs from Ribes nigrum using EST-based approach. Furthermore, their expression patterns together with target prediction suggested their potential functions. These findings will contribute to further research in regard to functions and regulatory mechanisms of blackcurrant miRNAs.
Materials and Methods

Identification of potential miRNAs in Ribes nigrum
The identification of potential miRNAs was conducted according to the procedure described by Zhang et al. (2006a) . Briefly, a total of 8496 known plant miRNAs were downloaded from the publicly available miRBase (Release 21, June 2014). After removing duplicates, the unique mature miRNAs were subjected to a BLAST search against the publicly available EST database of Ribes genus (http://www.ncbi.nlm.nih.gov/nucest). The ESTs which closely matched with the known plant miRNAs (no more than 3 mismatches) were subsequently used to perform a BLAST analysis for eliminating protein-encoding sequences and other non-coding RNAs. Furthermore, the remaining ESTs were assessed for secondary structure using an RNA fold program, and the parameters were set as default. Finally, potential miRNAs were identified based on the following criteria: (1) the position of mature miRNA on the hairpin; (2) unpaired residues should be ≤5; (3) G_U pairs in miRNAs should be ≤5; (4) the size for a bulge in miRNAs should be ≤3 nt; and (5) low negative minimal folding free energy (MFE) and high minimal folding free energy index (MFEI).
Phylogenetic analysis of potential miRNAs in Ribes nigrum
Sequences of the homologous miRNAs and their precursors were collected from the miRBase, and phylogenetic analysis was performed using MEGA 5.2 software and the maximum likelihood tree was constructed based on the Jukes-Cantor model with a 1000 bootstrap value.
Cloning of pre-miRNAs and their transformation into Arabidopsis
Total RNA was isolated from blackcurrant leaves according to the procedure described by Jaakola et al. (2001) , and reverse transcribed to first strand cDNA using pRimeScript RT reagent kit with gDNA Eraser (Takara). The rni-pre-miR5021 and rni-pre-miR5185 were cloned and constructed into pBI121 binary vector through BamHI and SacI sites, respectively. The floral-dip method was utilized to conduct gene transformation into Arabidopsis. Primer sequences are listed in Supplementary Table S1 .
Expression analysis of miRNAs and their pre-miRNAs from Ribes nigrum
Total RNA was isolated from leaves, buds, flowers, and fruits of blackcurrant, respectively. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was subsequently conducted with the ABI 7500 PCR system and SYBR Premix Ex Taq (Takara), using ACTIN as internal control. miRNA qRT-PCR was performed with SYBR PrimeScript miRNA RT-PCR Kit (Takara) and ABI 7500 PCR system, using 5.8S as the internal control. Three replicates were performed for each sample, and data were analyzed by ABI 7500 v.20 software. Primer sequences are listed in Supplementary Table S1 .
Prediction of potential miRNA targets
The targets of the potential miRNAs were predicted according to the procedure described by Zhang et al. (2006a) , and the criteria were the same as the prediction of miRNA homologs. To understand the functional roles of the putative EST targets, we subsequently conducted a BLAST search against a NCBI nucleotide collection database using the putative EST target sequences. The putative targets of rni-miRNAs were also predicted using the psRNATarget program against the Arabidopsis thaliana DFCI Gene Index. The parameters were set as default with a maximum exception value of 2.
Results and Discussions
Computational identification of potential miRNAs in Ribes nigrum
In this study, an EST-based comparative genomics approach was conducted to identify conserved miRNAs in Ribes. After a screening procedure ( Supplementary  Fig. S1 ), two ESTs (GT026933 and GT023813) derived from Ribes nigrum satisfied all of the criteria for encoding mature miRNAs. The potential miRNAs from GT026933 and GT023813 showed near-perfect match with miR5021 and miR5185 from other species, respectively (Fig. 1A) . Furthermore, phylogenetic analysis indicated that these 2 potential pre-miRNAs were individually assigned into the MIR5021 and MIR5185 families (Fig. 1B) . Thus, these 2 potential miRNAs were named rni-miR5021 and rni-miR5185, respectively. The frequency of miRNAs in the Ribes EST collection was approximately 0.026%, which was similar to the rate in the Asteraceae family (0.021%), strawberry (0.023%), and peach (0.026%) (Catalano et al. 2012; Zhang et al. 2012; Han et al. 2014 ).
Characterization of potential miRNAs in Ribes nigrum
The two potential miRNAs from Ribes nigrum were characterized (Table 1) . In details, the nucleotide lengths of rni-miR5021 and rni-miR5185 were 20 and 21 nt, respectively, which are identical to their homologs in other plant species (Wang et al. 2012; Bertolini et al. 2013 ). rni-miR5021 and rni-miR5185 were located on the Number of mismatches between predicted and homologous miRNA. Number of bulges in miRNA sequence.
5′ and 3′ arm of the stem-loop hairpin structure of the potential pre-miRNAs (Fig. 2) , respectively, which were found to be on the same arm as their known homologs in other plant species. Numerous studies have indicated that miRNAs are transcribed from either a plus or minus strand of DNA at miRNA genomic loci (Stark et al. 2008) . In this study, the two potential pre-miRNAs were located on the minus strands, and each MIR locus typically produced a single precursor. As shown in Table 2 , the nucleotide lengths of pre-rni-miRNA5021 and pre-rni-miRNA5185 were 196 and 582 nt, respectively, which is acceptable as the length of plant miRNA precursors distributes in the range of 55-930 nt (mean = ∼146 nt) (Thakur et al. 2011) . They can form a typical secondary structure of pre-miRNAs, and miRNA and miRNA* showed perfect or near-perfect match (Fig. 2) . Low MFE and high MFEI have been proposed to be reliable criteria to distinguish miRNAs from all coding and other non-coding RNAs (Zhang et al. 2006b ). In this study, the potential miRNA precursors displayed low MFEs with a potential value of up to −55.80 kcal mol −1 (pre-rni-miR5021) and −142.30 kcal mol −1 (pre-rni-miR5185), respectively (Table 2) , which were much lower than the folding free energies of tRNA (-27.5 kcal mol) or rRNA (-33 kcal mol) calculated by Bonnet et al. (2004) . The MFEI values of prerni-miR5021 and pre-rni-miR5185 reached 0.78 and 0.58, respectively, which were similar to those in other species such as blueberry, garlic, and sweet potato (Dehury et al. 2013; Li et al. 2014; Panda et al. 2014) . Taken together, the two potential miRNAs in Ribes nigrum are very likely to be true miRNAs based on the size and sequence of mature miRNA, secondary structure of miRNA precursor, and phylogenetic conservation.
Accumulation of rni-miRNAs in transgenic Arabidopsis
It has been proposed that a candidate gene can ideally be annotated as a novel miRNA based on strong evidence that an asymmetric ∼22 nt product can be generated in vivo (Ambros et al. 2003) . To explore whether the potential miRNA precursors can generate mature miRNAs in vivo, pre-rni-miR5021 and pre-rni-miR5185 were cloned and transferred into Arabidopsis. Subsequently, the accumulations of mature rni-miR5021 and rni-miR5185 were examined in transgenic Arabidopsis. As shown in Fig. 3 , mature miR5021 and Number of mismatches between miRNA and its putative target.
miR5185 were significantly elevated in transgenic lines compared with the wild type, indicating that the two pre-miRNAs can indeed generate mature miRNAs.
Expression pattern of novel miRNAs in Ribes nigrum
To provide clues for their functional roles, the expression pattern of rni-MIR5021 and rni-MIR5185 genes were examined in leaves, buds, flowers, and mature fruits of blackcurrant using a qRT-PCR approach. As shown in Fig. 4A , the MIR5021 gene was highly expressed in leaves, and low transcript accumulations were observed in the other 3 tissues. The MIR5185 gene displayed higher expression in buds than other tissues. Furthermore, the accumulations of mature miRNAs were investigated using miRNA qRT-PCR. As shown in Fig. 4B , both miR5021 and miR5185 showed higher accumulation in fruit as compared with other tissues, suggesting that they might play important roles in fruit development. Previous studies indicated that the miR5021 and miR5185 family have a large number of members in plant species. For instance, at least 12 miR5021 members exist in Brassica oleracea (Wang et al. 2012) , and Brachypodium distachyon has 13 miR5185 members in miRBase (Release 21, June 2014). So, we speculated that several members might exist in the rni-miR5021 family and rni-miR5185 family, and the different members possibly contribute to the accumulation pattern with functional specificity.
Potential targets of novel putative rni-miRNAs
Obtaining information about their target genes could contribute to the understanding of the functional roles of miRNAs, as miRNAs can mediate gene expression mainly via mRNA cleavage or translational inhibition (Chen 2009 ). In the study, a computational approach was conducted to identify their targets based on the perfect or near-perfect sequence complementarity between miRNA and its target transcript from nucleotide and EST databases in Ribes. As a result, 36 target ESTs and one nucleotide were identified for rni-miR5021 (Table 3) , and 10 target ESTs for rni-miR5185 (Table 4) .
Among 46 ESTs, 19 were matched to the annotated genes in other species. Thus, 20 annotated targets were obtained for miR5021 in Ribes, including 19 ESTs and one nucleotide (Table 3) . Unfortunately, none of the miR5185-targeted ESTs have yet been annotated by homolog search. Consistent with previous reports (Wang et al. 2012; Prakash et al. 2015) , some rnimiR5021 targets might be involved in response to stresses. For example, GDP-D-mannose-3′,5′-epimerase can be involved in ascorbate biosynthesis, which plays an important role in response to stress and plant development; Aldehyde dehydrogenase can eliminate biogenic and xenobiotic reactive aldehyde molecules in development and environmental stresses such as salinity, drought, and desiccation; Thioredoxin 2 can respond to oxidative stress; and Thaumatin-like protein is associated with osmotic adaptation. Additionally, some of the targets might be implicated in metabolic processes including Pyruvate kinase, a critical enzyme catalyzing the final step of glycolysis; Acyl carrier protein 1, a component involved in fat metabolism; and Pectinesterase 68, an enzyme responsible for degrading pectin by de-esterification.
To further understand their biological functions, the Arabidopsis thaliana DFCI Gene Index was utilized as a reference system to predict the targets of rni-mi5021 and rni-miR5185. As a result, 194 targets were identified for rni-miR5021, and 3 targets for rni-miR5185 including Syntaxin-42 (TC372177) and 2 Expressed proteins (TC382297 and TC402640). As shown in Supplementary  Fig. S2 , the targets of rni-miR5021 were classified into 11 groups, including transcription factor (8.2%), signaling transduction (9.8%), RNA binding and polymerase (3.6%), DNA replication and duplication (5.7%), transporter and trafficking (7.2%), stress response (5.2%), protein binding and metabolism (6.7%), synthesis and modification (10.3%), chromatin-related factor (1.0%), other (5.7%), and biological process unknown (36.6%). It has been known that targets of miRNA are conserved in different plant species (Zhang et al. 2006a ). These predictions might enlarge our understandings of the functional roles of rni-miR5021 and rni-miR5185.
In conclusion, the findings in this study provided not only the characterizations and sequence information of rni-miR5021 and rni-miR5185, but also their functional clues, which might facilitate the elucidation of their roles in blackcurrant development or its response to stresses.
